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Abstract 
 
Gilthead seabream (Sparus aurata) is a teleost belonging to the family Sparidae with 
a high economical relevance in the Mediterranean countries. Although genomic tools 
have been developed in this species in order to investigate its physiology at the 
molecular level and consequently its culture, genomic information on post-embryonic 
development is still scarce. In this study we have investigated the transcriptome of a 
marine teleost during the larval stage (from hatching to 60 days after hatching) by the 
use of 454-pyrosequencing technology. We obtained a total of 68,289 assembled 
contigs, representing putative transcripts, belonging to 54,606 different clusters. 
Comparison against all S. aurata expressed sequence tags (ESTs) from the NCBI 
database revealed that up to 34,722 contigs, belonging to about 61 % of gene clusters, 
are sequences previously not described. Contigs were annotated through an iterative 
Blast pipeline by comparison against databases such as NCBI RefSeq from Danio 
rerio, Swissprot or NCBI teleost ESTs. Our results indicate that we have enriched the 
number of annotated sequences for this species by more than 50 % compared with 
previously existing databases for the gilthead seabream. Gene Ontology analysis of 
these novel sequences revealed that there is a statistically significant number of 
transcripts with key roles in larval development, differentiation, morphology and 
growth. Finally, all information has been made available online through user-friendly 
interfaces such as GBrowse and a Blast server with a graphical frontend. 
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Introduction 
 
Gilthead seabream (Sparus aurata, Sparidae) is the most economically relevant 
marine teleost species produced by the aquaculture industry in the Mediterranean 
countries with a yearly average production ranging between 140,000 and 170,000 tm 
in the last four years (Apromar 2011). As a pioneer species of farmed marine fish, it 
has been the subject of scientific research for almost four decades. These studies have 
targeted all the different biological processes (reproduction, genetics, immunology, 
pathology, environmental stress, development, growth and nutrition) and stages of the 
life cycle (for review see Pavlidis and Mylonas 2011). 
 
The larval stage is probably the most critical period in the production cycle of marine 
fishes. During the development to the juvenile stage, the larvae exhibit fascinating 
high growth rates with dramatic changes in anatomy, physiology and behaviour 
(Yúfera 2011; Yúfera et al. 2011). During this stage, the initial biomass at first 
feeding can increase from 2 to 3 orders of magnitude within a few weeks. Many key 
developmental events occur during the onset of feeding and the subsequent growing 
phase of actively eating larvae, making this period the most sensitive to rearing 
procedures. Morphological and physiological processes such as skeletal development 
and calcification, the differentiation and proliferation of new fibres in the myotomal 
musculature, achievement of complete structures in gut and gills, the progressive 
activation of pancreatic and intestinal digestive enzymes, swimming bladder inflation, 
completion of eye retina layers, development of lymphoid organs and acquisition of 
full immunological capacities, are dependent on complex mechanisms that regulate 
cell differentiation, organogenesis and the adequate functionality of organs and tissues 
(Alami-Durante et al. 2007; Campinho et al. 2010; Johnston 2006; Power et al. 2008; 
Yúfera and Darias 2007; Zapata et al. 2006). Any failure in these processes, highly 
dependent on the nutritional and environmental conditions as well as on the response 
capacity of the developing larvae to external stimuli, causes malformations, 
developmental delays, poor growth and massive mortalities (Barahona-Fernandez 
1982; Johnston et al. 1998; Koumoundouros et al. 2009; Polo et al. 1991; Villeneuve 
et al. 2005; Yúfera et al. 1993). The availability of healthy and well-developed 
juveniles is the basis for a successful and efficient production in the fish farming 
industry. All developmental requisites during the larval period must be satisfied and 
the potential problems properly solved to achieve a high juvenile quality. A deep 
knowledge of the genes regulating these developmental processes will allow a more 
exhaustive molecular approach for continuing unravelling the mechanisms of 
development from egg throughout juvenile stages, mainly in those aspects related to 
nutrition and growth, stress response and immunology. 
 
During recent years, the use of molecular and genomic tools has contributed 
significantly to our understanding of key physiological processes in fish, including the 
larval phase (Mazurais et al. 2011). Collections of expressed sequenced tags (ESTs), 
generated by single-pass sequencing of cDNA libraries, are currently available for 
many freshwater and marine species of interest in aquaculture such as rainbow trout 
Oncorhynchus mykiss (Govoroun et al. 2006; Sánchez et al. 2009), Atlantic salmon 
Salmo salar (Adzhubei et al. 2007; Hagen-Larsen et al. 2005; Hayes et al. 2007), 
common carp Cyprinus carpio (González et al. 2007), catfish Ictalurus punctatus and 
I. furcatus (Li et al. 2007; Wang et al. 2010), Nile tilapia Oreochromis niloticus (Lee 
et al. 2010), cod Gadus morhua (Johansen et al. 2011), European seabass 
Dicentrarchus labrax (Chini et al. 2006; Louro et al. 2010), Asian seabass Lates 
calcarifer (Xia and Yue 2010), Atlantic halibut Hippoglossus hippoglossus (Douglas 
et al. 2007), Senegalese sole Solea senegalensis (Cerdà et al. 2008), turbot Psetta 
maxima (Pardo et al. 2008), and half-smooth tongue sole Cynoglossus semilaevi (Sha 
et al. 2010). For the gilthead seabream, an initial EST project yielded approximately 
1,400 sequences, 810 of which were derived from a mixed juvenile and yolk sac 
larvae cDNA library and the other 584 sequences were derived from an adult liver 
cDNA library (Sarropoulou et al. 2005a). More recently, a large-scale EST 
sequencing project generated approximately 30,000 ESTs by Sanger sequencing of 14 
normalized cDNA libraries from adult gilthead seabream tissues (Louro et al. 2010). 
However, no post-embryonic larvae or larval tissues were included for library 
construction and sequencing and, therefore, genes expressed preferentially throughout 
early development are most likely to be underrepresented in that particular dataset. 
Although it is clear that the genomic resources for this species have significantly 
improved over the last few years, there is still an important lack of information on 
genes expressed during early development. For this reason, further efforts to improve 
the contribution of larval sequences in existing EST collections for the gilthead 
seabream are needed.  
In contrast to conventional Sanger sequencing of cDNA libraries, next generation 
sequencing technologies such as 454 pyrosequencing are able to offer an 
unprecedented, comprehensive view of the transcriptome. Over the last two years, 
several studies have reported on the use of pyrosequencing in teleost fish with various 
goals: to improve or establish transcriptome databases in the rainbow trout (Salem et 
al. 2010), eel Anguilla anguilla (Coppe et al. 2010), eelpout Zoarces viviparus 
(Kristiansson et al. 2009) and cod (Johansen et al. 2011); to characterize the immune 
response to bacterial pathogens in the Japanese seabass Lateolabrax japonicus (Xiang 
et al. 2010) and the yellow croaker Pseudosciaena crocea (Mu et al. 2010); to identify 
single nucleotide polymorphisms in catfish (Liu et al. 2011) and whitefish Coregonus 
spp (Renaut et al. 2010) and to elucidate the molecular basis behind different 
morphotypes and sympatric species (Elmer et al. 2010; Goetz et al. 2010; Jeukens et 
al. 2010). These studies have evidenced the usefulness of 454-pyrosequencing 
technology to improve the genomic resources of non-model teleost species. With the 
specific aim to enrich current EST databases for the gilthead seabream in order to 
comprehensively cover the larval developmental period and the transition to juvenile 
stages, we have used for the first time 454-pyrosequencing technology to significantly 
improve our knowledge of the transcriptome of this important marine species. 
Furthermore, we have implemented state-of-the-art informatics tools to provide easy 
access to all information. 
 
Materials and Methods 
 
Sample generation and RNA isolation  
Gilthead seabream larvae hatched from eggs obtained from natural spawning and 
reared in 250-L tanks under 12 h light/12 h dark illumination cycle at 19.5 ± 1 ºC 
temperature and 35 g L-1 salinity following standard procedures (Polo et al. 1992). 
The larvae were fed on rotifers (Brachionus rotundiformis and B. plicatilis) from first 
feeding to 25 days after hatching (dah) and on fresh hatched Artemia nauplii and 
metanauplii from 15 and 25 dah, respectively. Commercial feeds were added from 50 
dah onwards (Figure 1). Special care was taken in adjusting the amount of prey and 
dry food supplied the day before each sampling in order to allow that larval guts 
became empty during the night. Larvae were checked before the early sampling and 
those samples showing occasional guts with food content were discharged for the 
analysis. Larvae for RNA extraction were periodically collected in pools from 
hatching until 60 dah (Figure 1) and preserved in RNAlater (Ambion//Life 
Technologies, Carlsbad CA, USA) at -20 ºC until further processing. Total RNA was 
extracted from approximately 20 mg of each larvae stage using the RNeasy Mini Kit 
with on column RNase-free DNase digestion (Qiagen, Hilden, Germany). RNA 
quantity was determined using the Eppendorf Biophotometer plus, and RNA quality 
assessed with the 2100 Bioanalyzer and the RNA 6000 Nano kit (Agilent, Santa Clara 
CA, USA). Only RNA with a RNA Integrity Number (RIN) higher than 9 was used 
for downstream applications. Equal amounts of RNA from larvae at 3, 4, 6, 8, 11, 25, 
54 and 60 dah were pooled and reanalysed. Part of the remaining volume was split 
into two tubes, each containing 15 µg of total RNA at 600 ng/µL and with a RIN of 
9.2. 
 
cDNA synthesis and normalization 
Full-length enriched double stranded cDNA was synthesized from 1.5 µg of pooled 
total RNA using MINT cDNA synthesis kit (Evrogen, Moscow, Russia) according to 
manufacturer's protocol, and was subsequently purified using the QIAquick PCR 
Purification Kit (Qiagen). The amplified cDNA was normalized using Trimmer kit 
(Evrogen) to minimize differences in representation of transcripts. The method 
involves denaturation-reassociation of cDNA, followed by a digestion with a 
Duplex-Specific Nuclease (DSN) enzyme (Shagin et al. 2002; Zhulidov et al. 2004). 
The enzymatic degradation occurs primarily on the highly abundant double-stranded 
cDNA fraction. The single-stranded cDNA fraction was then amplified twice by 
sequential PCR reactions according to the manufacturer's protocol. Normalized cDNA 
was purified using the QIAquick PCR Purification Kit (Qiagen). 
 
454 pyrosequencing 
Samples of 5 µg of normalized cDNA were used to generate a 454 library. cDNA was 
fractionated into small, 300 to 800 base pair (bp) fragments and the specific A and B 
adaptors were ligated to both the 3' and 5' ends of the fragments. The A and B 
adaptors were used for purification, amplification, and sequencing steps. One 
sequencing run was performed on the GS-FLX using Titanium chemistry (Margulies 
et al. 2005). 454 pyrosequencing is based on sequencing-by-synthesis, addition of one 
(or more) nucleotide(s) complementary to the template strand results in a 
chemiluminescent signal recorded by the CCD camera within the instrument. The 
signal strength is proportional to the number of nucleotides incorporated in a single 
nucleotide flow. All reagents and protocols used were from Roche 454 Life Sciences, 
USA. 
 
Transcriptome assembly 
Raw sequencing data was processed with 454’s gsRunProcessor 2.0.0.12 using 
default settings and SFF files were submitted to the NCBI Sequence Read Archive 
(Submission SRA038178.1). Those reads that passed all manufacturer’s quality filters 
were processed with SeqClean software (command: seqclean 454Reads.fasta -v 
Remove -c 8 -l 50 -x 95 -y 18 -M -L , http://compbio.dfci.harvard.edu/tgi/software/) 
to remove poly-A tails plus primers and adapters used in the normalization procedure. 
The resulting reads were assembled as a 454 EST project with Mira v3rc3 (command: 
mira --project= 454ReadsClean --job=denovo,est,normal,454 454_SETTINGS -
LR:mxti=no -CL:qc=no:cpat=no, Chevreux et al. 1999). The resulting contigs were 
screened for contaminants (against 94,681 Artemia and Brachionus NCBI nucleotide 
sequences, UniVec and E. coli) and low complexity sequences with SeqClean 
(settings: -l  1 -x 95 -M -A); the 62 contigs (15 with length > 99 bp) with low 
complexity and the 22 matching Artemia or Brachionus sequences are shown in 
Supplementary File 1. Contigs were grouped in clusters with BlastClust v2.2.22 
(settings: -S 95 -L 0.6 -b F, Altschul et al. 1990) and were reciprocally compared with 
MegaBlast v2.2.22 (default settings, Morgulis et al. 2008) against the 67,670 S. 
aurata ESTs from NCBI. The 67,670 ESTs from NCBI were also clustered with 
BlastClust using the same settings as above. 
 
Transcriptome annotation 
Those sequences longer than 99bp were annotated in a 3 steps iterative Blast 
(Altschul et al. 1990; Camacho et al. 2008) approach (Figure 2) aiming to obtain 
highly informative annotations while reducing computational time. In each step, 
BLAST v2.2.22 (Camacho et al. 2008) was used locally to compare the sequences 
against a certain database (BLASTx (settings: -e 1e-5) against NCBI’s D. rerio 
RefSeq, BLASTx (settings: -e 1e-3) against SwissProt, and tBLASTx (settings: -e 1e-
5) against selected fish sequences from NCBI’s nr/nt and EST databases); the XML 
results generated were fed into Blast2GO pipe v2.3.5 with default settings to generate 
DAT files compatible with the GUI version, which was then used to recover the best 
Blast hit descriptor for each sequence. The results were parsed, and sequences without 
descriptor, or with a non-informative one, were used in the next Blast step; the ones 
with an informative descriptor were kept and considered to be well annotated. At the 
end, a single file was constructed containing the sequences kept in the first two steps 
and the sequences from the last step. 
 
Functional annotation. 
The 44,977 Blast annotated sequences (Table 3) were mapped to Gene Ontology 
(GO) (Ashburner et al. 2000) terms using the Blast2GO program v2.3.5. (Conesa et 
al. 2005; Götz et al. 2008). Specific GO terms were selected from the pool of mapped 
GO terms for each sequence applying an annotation score with a GO weight of 5 and 
an annotation cutoff of 55. All subsequent analyses were conducted on gene clusters, 
using one representative sequence of each cluster. Level 2 GO pies for Biological 
Process, Molecular Function and Cellular Component were drawn using sequence 
filters of 10. Fisher´s exact test was applied to select all GO terms that were 
significantly overrepresented in the novel seabream sequences using all 454 seabream 
annotated gene clusters (i.e. 54,606, Table 2) as reference group. The false discovery 
rate (FDR) was set at 0.01. 
  
Results 
 
We performed the 454-pyrosequencing of pooled larval samples comprising the first 
60 dha. This developmental period covers specific feeding-related anatomical and 
physiological milestones such as the opening of the mouth, the beginning of external 
feeding and the digestive functionality, the intestine maturation and development of 
gastric functionality (Figure 1). A normalized library was constructed from pooled 
larval total RNA and sequenced in two half-plate regions of a pico titer plate, yielding 
a total of 309.3 million bases (Mb) distributed in 869,077 reads that passed all filters 
from 454’s default processing pipeline (Table 1). Sequences were further processed 
with SeqClean (The gene index project; Computational biology and functional 
genomics laboratory) in order to remove poly-A tails plus primers and adapters used 
for normalization, resulting in 867,856 clean reads adding up to 288.1 Mb. Those 
reads were assembled as a 454 EST project using Mira into 68,289 contigs (consensus 
sequences), each contig representing a putative transcript. Finally, all contigs were 
grouped with BlastClust into 54,606 clusters, each cluster representing a putative gene 
product. 
  
Discovery of novel gilthead seabream transcripts 
To assess the comprehensiveness of the newly sequenced transcriptome, the 67,670 
gilthead seabream ESTs available at the moment at NCBI were compared against the 
68,289 contigs described here using MegaBlast. Since 50,696 of the previously 
described ESTs (Table 2) had at least one hit among the newly sequenced ESTs, we 
conclude that we re-sequenced to some extent 74.92 % of all available gilthead 
seabream NCBI ESTs. Noteworthy, the new sequences covered on average 78.2 % of 
the NCBI ESTs length according to the best Blast hit. According to our analysis with 
BlastClust, all NCBI ESTs belong to 50,965 different clusters; 36,488 of those 
clusters (71.6 %) contained at least one EST that had been fully or partially re-
sequenced in our study. 
 
To identify sequences not previously described we used MegaBlast to query the 
newly sequenced contigs against the 67,670 NCBI ESTs. Noteworthy, only 49.2 % of 
all gilthead seabream trancriptome sequences described here were found among the 
already available NCBI ESTs and, according to the best Blast hit, 71.0 % of their 
length was covered on average. Therefore, we estimate that 34,722 (50.8 %) of the 
68,289 gilthead seabream ESTs presented in this study had not been previously 
described. These novel ESTs belong to 33,408 different clusters (61.2 % of the total). 
 
Annotation and Gene Ontology analysis 
The gilthead seabream transcriptome was annotated by submitting the 67,391 
sequences ≥100 bp to an iterative Blast search pipeline (Figure 2). A total of 22,633 
sequences were annotated when blasted against the D. rerio RefSeq protein database, 
and another 2,024 when blasted against the SwissProt database. All remaining, non 
annotated sequences were then blasted against teleost NCBI and EST databases, 
resulting in another 20,320 sequences being annotated. Sequences annotated when 
blasted against the SwissProt database were also included in this last step. Altogether, 
the iterative Blast search resulted in a total of 44,977 annotated sequences that were 
assigned with the name of the best Blast hit (table 3). 
 
To obtain further information on the sequenced transcripts, Blast results were 
analyzed with Blast2GO to retrieve Gene Ontology (GO) information. 21,073 
sequences were mapped to GO terms, 15,818 of which were finally annotated with 
specific GO terms (Table 3). GO terms abundance (level 2) was analysed on gene 
clusters. Terms describing biological processes were most abundant for cellular 
process (21.90 %), metabolic process (15.61 %), developmental process (12.51 %) 
and multicellular organismal process (12.28 %) among annotated gene clusters 
(Figure 3A). Child GO terms for developmental processes were highest for 
anatomical structure development (5.02 %), multicellular organismal development 
(4.62 %) and cellular developmental process (2.63 %). GO terms describing 
molecular functions were highest for binding (45.14 %) and catalytic activity 
(35.75 %) (Figure 3B). Finally, GO terms describing cellular components were 
highest for cell, organelle and macromolecular complex (Figure 3C). These results 
suggest that gilthead seabream larvae undergo important metabolic activities 
associated to a fast growth and tissue and organ remodelling. 
 
The result of the Fisher´s exact test showed that a high number of newly-described 
gilthead seabream genes are involved in various developmental processes (Table 4 
and Supplementary File 2) such as the formation of the neural system, sensory organs, 
muscular system, circulatory system, epithelia and other organs and tissues. Other 
well-represented processes were those involved in morphogenesis and growth. 
Moreover, biological processes involved in reproduction, behaviour as well as in the 
response to abiotic and endogenous stimulus were also overrepresented (Table 4 and 
Supplementary File 2). 
 
Among GO terms describing molecular functions, the following terms were 
overrepresented in the novel gilthead seabream 454 genes: transducer activity, 
receptor activity, transporter activity, kinase activity, channel activity, ion transport 
and DNA binding. GO terms describing cellular components were significantly 
overrepresented for several issues related to membranes, cell parts, cell envelope, 
nucleus and ion channel complex (Supplementary File 2). Furthermore, many of these 
novel genes belong to gene families with established roles in embryonic and 
developmental processes, such as homeobox proteins, nuclear receptors, sox genes 
and forkhead box proteins and genes involved in the Wnt- and BMP-pathways (Table 
5 and Supplementary File 3). 
 
Tools for the analysis of the gilthead seabream transcriptome 
Several online tools (https://bioinfdata.ccit.ub.edu/apps/) have been implemented to 
provide easy access to the data generated in this study. The Generic Genome Browser 
(GBrowse, Stein et al. 2002) is used as a framework to visualize and interrogate the 
data. GBrowse is an interactive track-based application in which the user can decide 
which information wants to see at any given moment. For example, for every contig 
the user can download and see its consensus sequence and all the reads that were 
assembled to construct it. Features such as the GC content, the 6 frame aminoacidic 
translation or restriction enzyme cutting regions can also be easily visualized. In 
addition, the assigned name of each contig, Blast results, and cluster groups have been 
uploaded. Therefore, the user has various search options, such as for a contig or 
cluster ID, or for certain gene name or description, to obtain a graphical 
representation of all matching results before inspecting them individually. 
Noteworthy, we have also built in a mySQL interface that allows complex queries on 
most of the fields so that results can be downloaded as text tables. Finally, all contigs 
can be blasted online through our Blast server with graphical interface, yielding 
results directly linked to the GBrowse application. 
 
Discussion 
 
To date, only limited genomic and transcriptomic studies on fish embryos and yolk-
sac larvae have been conducted in a few teleost fish species: in zebrafish, Danio rerio, 
(Packham et al. 2009; Ton et al. 2002), in gilthead seabream (Ferrareso et al. 2008; 
Sarropoulou et al. 2005b), in cod (Drivenes et al. 2012; Johansen et al. 2011) and in 
the marine killifish, Fundulus heteroclitus, (Bozinovic et al. 2011). To our 
knowledge, only the EST collections generated for halibut (Douglas et al. 2007) and 
Senegalese sole (Infante et al. 2008) included samples of yolk sac, pre- and post eye-
migration larvae. The present study, therefore, represents the first transcriptome-wide 
study covering the complete larval period that has been performed in fish using 
454 pyrosequencing technology, from the opening of the mouth and first feeding to 
the start of the metamorphosis into the juvenile stage.  
 
The use of 454 pyrosequencing is allowing a notable improvement of the genomic 
resources for teleosts (Coppe et al. 2010; Elmer et al. 2010; Goetz et al. 2010; Jeukens 
et al. 2010; Johansen et al. 2011; Kristiansson et al. 2009; Liu et al. 2011; Mu et al. 
2010; Renaut et al. 2010; Salem et al. 2010; Xiang et al. 2010) and other aquatic 
animals with economical interest (Huan et al. 2012; Milan et al. 2011). In our study, 
we have obtained more than 850,000 good quality reads that assembled into 68,289 
contigs. The EST sequencing and annotation strategy implemented in the present 
study has notably enriched the existing transcriptome dataset for the gilthead 
seabream.  
 
When blasting all assembled seabream 454 sequences against all available S. aurata 
ESTs from NCBI, 33,567 sequences were found to have at least one hit. In other 
words, more than 50 % of the transcripts identified in the present study were not 
identified by previous Sanger EST sequencing efforts and, therefore, are not 
represented in the NCBI database. In contrast, approximately 75 % of S. aurata 
published ESTs mapped to seabream 454 sequences (Table 3), indicating that in the 
present study we have identified a large proportion of transcripts already present in 
the NCBI database, therefore validating the approach. 
 
The novel sequences derived from a pool of seabream larvae sampled throughout 
early developmental stages include an extensive number of genes related to 
developmental processes. Transcripts with a relevant role in the postembryonic 
development of practically all tissues and organs in seabream larvae appear well 
represented in our survey. Interestingly, many of the new sequences are related to the 
ontogeny of the brain and neuron system, as well as to the development of the sensory 
organs (Table 4). The nervous system in fish develops during the whole larval period 
(Nieuwenhuys 2011) and, as in other vertebrates, the development of functional 
neural circuits is associated to improvement in functionally of organs and tissues with 
key roles in the early life stages (Gibson and Ma 2011). Particularly important is its 
involvement in the enhancement of movement capacity and swimming behaviour 
(McLean et al. 2007), in the development of the olfactory epithelium and proliferation 
of olfactory crypt cells and neuromasts (Camacho et al. 2010; Hansen and Zielinski 
2005; Sandulescu et al. 2011) and in the development of the eye, retina layers and 
photosensitive chromophores related to both visual and non-visual functions 
(Blackshaw et al. 2004; Lamb et al. 2007). In fact, many of the novel sequences 
belonging to development-related gene families are associated to the above-
mentioned processes (Table 5 and Supplementary File 3). In this sense, it is 
interesting to remark that we found several homeobox genes related to brain 
development and jaw/bone formation such as the developing brain homeobox (bdx1a) 
and some distal-less homeobox proteins (dlx2a, dlx4b, dlx5a, dlx6a). We also found 
sox genes (sox3, Sox5, sox9a, sox11, sox12, sox14a) involved in brain and nervous 
system development, cell fate and chondrogenesis.  
 
The changes of gene expression profile within the post-embryonic larval period have 
been examined in European seabass larvae using heterologous (Darias et al. 2008; 
Mazurais et al. 2011) and custom (Ferrareso et al. 2010) cDNA microarrays, and in 
Atlantic halibut larvae using a custom microarray (Douglas et al. 2008; Murray et al. 
2010). The limited number of sequences derived from early embryonic tissues in the 
microarray platforms used in these studies underscores the importance of having large 
genome resources to advance our understanding of the molecular mechanisms driving 
developmental processes in fish larvae. Thereby, the new sequence resource on the 
early stages of gilthead seabream that we provide here offers boundless opportunities 
for genomic research on physiological aspects and represents an excellent tool for 
understanding those factors and mechanisms that are conditioning the developmental 
processes and consequently the appropriate development and growth of this species. 
The gilthead seabream transcriptome will also provide a valuable tool for other sparid 
species that are being cultivated in temperate and subtropical waters worldwide. 
 
Importantly, we have implemented a framework to easily visualize, interrogate and 
download the gilthead seabream transcriptome. This kind of bioinformatics tools, 
often not provided with genome-wide studies, imply that no particular skills are 
required to profit from the results. Therefore, we believe that the data presented here 
will help to accelerate research on fish growth and development which, ultimately, 
will be beneficial for aquaculture development, control and optimization. 
 
Conclusions 
 
The present study is the first using 454 pyrosequencing technology in the gilthead 
seabream, and one of the few in marine teleosts aiming to increase transcriptomic 
resources in this species. We have obtained a transcriptome dataset of 293 Mb with a 
total number of 68,289 contigs. Our work has increased significantly the EST 
resources available for gilthead seabream and, together with the bioinformatic tools 
that we are providing, will be particularly useful in advancing in developmental and 
morphogenesis studies as well as for improving current microarray designs. 
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Figure captions 
 
 
Fig. 1 Gilthead seabream early growth and main developmental events at 20 ºC of 
water temperature. Triangles indicate timepoints when larvae were sampled, in days 
after hatching (dha) 
 
 
Fig. 2 Annotation strategy and Gene Ontology analysis. The gilthead seabream 
transcriptome was annotated by submitting the 67,391 sequences ≥100 bp to an 
iterative Blast search pipeline. Annotated sequences were analyzed with Blast2go to 
retrieve Gene Ontology (GO) information  
 
 
Fig. 3 Gene ontology terms (level 2) of 454 gilthead seabream gene clusters (%). A: 
Biological process; B: molecular function; C: Cellular components. For 
developmental process, level 3 categories are also depicted 
 
 
Additional files 
Supplementary File 1 List of contigs with low complexity sequence or matching 
Artemia or Brachionus NCBI nucleotidic sequences. Contigs with length < 100 bp are 
shown in red. LC means Low Complexity. Details column indicates contig's start and 
end position of string matching with the sequence shown. 
 
Supplementary File 2 Complete list of GO terms for “Biological Process” (Section 
1), “Molecular Function” (Section 2) and “Cellular Component” (Section 3) 
significantly overrepresented (false discovery rate FDR <0.05) in novel gilthead 
seabream gene clusters when compared to all seabream 454 gene clusters. In each 
section, column A contains the GO identification number, column B the GO term, and 
column C the FDR 
 Supplementary File 3. Full list of novel gilthead seabream transcripts involved in 
differentiation and development.  Each section contains genes of the following gene 
families/regulatory pathways: Section 1: forkhead box proteins; Section 2: homeobox 
proteins; Section 3: sox proteins; Section 4: nuclear receptors; Section 5: genes 
involved in the Wnt-pathway; Section 6: genes involved in the Bmp-pathway. 
Columns contain the following information: Column A:  sequence ID; column B: 
abbreviated Blast description; column C: gene symbol; column D: accession number 
of best Blast hit; Column E: sequence length; Column F: E-value of best Blast hit; 
column G: full description of best Blast hit 
Table 1 Summary statistics of 454 sequencing and assembly  
 
454 Sequencing 
   Total number of wells 2,229,669 
Before Seqclean processing 
   Number of reads 869,077 
   Number of bases in reads (Mb) 309.3 
   Average length of reads (bp) 355.9 
After Seqclean processing 
   Number of cleaned reads 867,856 
   Number of bases in cleaned reads (Mb) 288.1 
   Average length of cleaned reads (bp) 332.0 
Mira assembly 
   Number of contigs 68,289 
   Total number of bases in contigs (Mb) 40.7 
   Number of contigs >500bp 36,470 
   Average length of contigs (bp) 596 
 
 
Table 2 Reciprocal Megablast between S. aurata's NCBI EST collection (Saurata 
NCBI) and the S. aurata contigs obtained by 454 sequencing (Saurata 454). First row 
shows the results obtained by using Saurata NCBI as query and Saurata 454 as 
database. Second row shows the results obtanied by using Saurata 454 as query and 
Saurata NCBI as database 
 
 
 Total number 
of queries 
(corresponding  
number of 
clusters) 
Number of 
queries with 
≥1 hit 
(correspondin
g number of 
clusters) 
Percentage of 
queries with ≥ 1 
hit  
(corresponding 
percentage of 
clusters) 
Percentage 
mean query 
coverage  
Percentage 
mean maximal 
identity  
Mean E-value 
Saurata 
NCBI 
query vs 
Saurata 
454 
database 
67670 (50965) 50696 (36488) 
 
74.92 (71.59) 78.2  97.5 2.7304E-09 
 
Saurata_4
54 query 
vs Saurata 
NCBI 
database 
68289 (54606) 33567 (21198) 
 
49.15 (38.82) 71.0  96.8 3.37209E-09 
 
Table 3 Blast, mapping and annotation results for contigs ≥ 100 bp  
 
Total number of contigs ≥ 100 bp submitted to Blast searches 67,391 
Number of contigs with/without a Blast hit 44,977/22,414 
Number of contigs with/without GO mapping 21,073/23,904 
Number of contigs with/without GO annotation 15,818/5,255 
 
 
 
Table 4 Representative GO terms for ‘Biological Process’ significantly 
overrepresented (FDR <0.05) in novel seabream EST sequences when compared to all 
seabream 454 sequences. The complete list can be found in Supplementary File 2. 
 
GO Term Name FDR 
GO:0007399 nervous system development 2.80E-45 
GO:0007275 multicellular organismal development 4.90E-44 
GO:0048731 system development 4.90E-44 
GO:0022008 neurogenesis 5.30E-36 
GO:0032502 developmental process 8.50E-33 
GO:0048856 anatomical structure development 2.00E-31 
GO:0000902 cell morphogenesis 3.40E-27 
GO:0048513 organ development 1.80E-25 
GO:0007409 axonogenesis 4.50E-23 
GO:0007420 brain development 4.40E-17 
GO:0048598 embryonic morphogenesis 7.10E-14 
GO:0007411 axon guidance 5.40E-13 
GO:0007423 sensory organ development 6.80E-13 
GO:0009790 embryonic development 9.90E-13 
GO:0050793 regulation of developmental process 6.30E-10 
GO:0001654 eye development 5.50E-09 
GO:0003002 regionalization 6.50E-09 
GO:0048568 embryonic organ development 1.10E-07 
GO:0032774 RNA biosynthetic process 1.90E-07 
GO:0009888 tissue development 2.30E-07 
GO:0035270 endocrine system development 8.00E-07 
GO:0001558 regulation of cell growth 9.80E-07 
GO:0021510 spinal cord development 3.60E-06 
GO:0001944 vasculature development 6.40E-06 
GO:0040007 growth 7.10E-06 
GO:0031016 pancreas development 3.20E-05 
GO:0060429 epithelium development 3.30E-05 
GO:0034645 cellular macromolecule biosynthetic process 6.30E-05 
GO:0001568 blood vessel development 1.00E-04 
GO:0048732 gland development 1.30E-04 
GO:0006941 striated muscle contraction 1.60E-04 
GO:0003009 skeletal muscle contraction 1.60E-04 
GO:0048066 developmental pigmentation 4.10E-04 
GO:0008283 cell proliferation 6.00E-04 
GO:0048736 appendage development 8.60E-04 
GO:0007276 gamete generation 8.90E-04 
GO:0007369 gastrulation 1.40E-03 
GO:0009855 determination of bilateral symmetry 1.60E-03 
GO:0007398 ectoderm development 1.70E-03 
GO:0035239 tube morphogenesis 1.70E-03 
GO:0090066 regulation of anatomical structure size 1.80E-03 
GO:0048925 lateral line system development 2.00E-03 
GO:0001704 formation of primary germ layer 2.00E-03 
GO:0043062 extracellular structure organization 2.30E-03 
GO:0048880 sensory system development 2.60E-03 
GO:0043583 ear development 3.30E-03 
GO:0048882 lateral line development 3.40E-03 
GO:0050931 pigment cell differentiation 3.50E-03 
GO:0035050 embryonic heart tube development 7.10E-03 
GO:0002520 immune system development 9.60E-03 
GO:0048534 hemopoietic or lymphoid organ development 9.60E-03 
GO:0009913 epidermal cell differentiation 1.20E-02 
GO:0021761 limbic system development 1.20E-02 
GO:0042471 ear morphogenesis 1.80E-02 
GO:0033333 fin development 1.90E-02 
GO:0006468 protein amino acid phosphorylation 2.00E-02 
GO:0048592 eye morphogenesis 2.70E-02 
GO:0009952 anterior/posterior pattern formation 3.40E-02 
GO:0009953 dorsal/ventral pattern formation 3.60E-02 
GO:0001525 angiogenesis 3.90E-02 
 
 
 
 
 
 
Table 5 Selected transcripts with a relevant role in the postembryonic development of 
gilthead seabream larvae belonging to forkhead box protein, sox protein, homeobox 
protein and nuclear receptors gene families. Many of the new sequences are related to 
the ontogeny of the brain and neuron system, as well as to the development of the 
sensory organs. The full list including Wnt- and Bmp-pathways can be found in 
Supplementary File 3. 
 
 
Sequence Name Gene Name Hit Acc. No. Sequence length Blast 
forkhead box proteins 
forkhead box protein p4 foxp4 XP_685353 659 7.40E-73 
forkhead box protein p2 foxp2 NP_001025253 585 1.96E-67 
forkhead box protein q1a foxq1a NP_001077284 824 1.72E-26 
forkhead box protein c1a foxc1a NP_571803 330 1.43E-21 
forkhead box protein o3a foxo3a NP_001009988 556 2.99E-06 
Sox genes 
Transcription factor Sox 3 sox3 NP_001001811 1162 4.12E-147 
Transcription factor Sox 9 sox9a NP_571718 729 2.38E-92 
Transcription factor Sox12  sox12 AY277960 806 4.71E-87 
Transcription factor Sox 11b sox11b NP_571412 479 1.56E-44 
Transcription factor Sox5 sox5 AY277973 537 1.43E-43 
Transcription factor Sox 11a sox11a NP_571411 601 3.84E-34 
Transcription factor Sox14a  sox14a AY277955 151 5.50E-08 
homeobox proteins 
homeobox protein dlx5a dlx5a NP_571381 961 1.00E-124 
homeobox protein hox-c4a hoxc4a NP_571197 1275 2.11E-115 
gs homeobox 2 gsx2 NP_001124196 984 7.23E-102 
distal-less homeobox gene 2a-like Loc100329608 XP_002663348 1072 8.24E-86 
lim homeobox protein lhx9 isoform1 lhx9 NP_001017710 683 1.13E-83 
homeobox protein dlx6a dlx6a NP_571398 849 2.82E-80 
homeo box c12a hoxc12a NP_001104229 754 7.79E-72 
homeobox even-skipped homolog protein 2 evx2 NP_571307 458 1.67E-69 
iroquois-class homeodomain protein irx-5 irx5 NP_001038692 506 6.50E-66 
lim homeobox protein lhx1 lhx1 NP_571291 355 3.66E-65 
pituitary homeobox 1 pitx1 NP_001035436 484 4.85E-59 
pou class transcription factor 1 pou1 NP_571236 595 8.21E-53 
zinc fingers and homeoboxes 3 zhx3 NP_942108 568 1.42E-52 
homeobox protein hmx2 hmx2 NP_001108570 425 1.86E-51 
pre-b-cell leukemia homeobox 1 pbx1 NP_001077322 556 1.94E-51 
paired box gene 7b pax7b NP_001139621 509 1.00E-42 
pre-b-cell leukemia homeobox 4 pbx4 NP_571522 495 5.12E-41 
homeobox protein orthopedia b otpb NP_571175 1270 5.82E-41 
iroquois homeobox protein 3a irx3a NP_571342 574 2.58E-40 
sine oculis homeobox homolog 1a six1a NP_001009904 806 3.03E-40 
nuclear receptors 
nuclear receptor subfamily 4 group a member 3 nr4a3 NP_001166100 788 2.44E-88 
nuclear receptor subfamily 0 group B member 2  nr0b2a XP_001921455 1225 7.94E-88 
nuclear receptor subfamily 5 group a member 5 
isoform 1 nr5a5a NP_999944 970 2.28E-76 
peroxisome proliferator-activated receptor alpha b pparab NP_001096037 441 1.41E-62 
estrogen receptor 2a esr2a/nr3a2-b NP_851297 429 6.19E-57 
nuclear receptor subfamily 4 group a member 1 nr4a1 NP_001002173 761 3.98E-55 
nuclear receptor subfamily 5 group member 5 
isoform 2 nr5a5b NP_001070740 748 6.03E-53 
nuclear receptor subfamily 1 group d member 2b nr1d2b NP_571140 966 3.31E-51 
hepatocyte nuclear factor 4-alpha hnf4a/nr2a1 NP_919349 493 7.05E-43 
nuclear receptor subfamily 4 group a member 2 nr4a2 NP_001106956 692 3.19E-41 
RAR-related orphan receptor A, paralog a roraa/nr1f1-b NP_001103637 430 9.15E-40 
RAR-related orphan receptor c a rorca/nr1f3-a NP_001076288 283 3.49E-36 
peroxisome proliferator-activated receptor gamma pparg/nr1c3 NP_571542 254 7.31E-34 
estrogen-related receptor gamma esrrga/nr3b3 NP_998119 669 1.42E-22 
hepatocyte nuclear factor 4-gamma hnf4g/nr2a2 NP_001068579 449 1.90E-22 
nuclear receptor subfamily 2 group f member 1-a nr2f1a/couptfalpha-A NP_571255 414 6.60E-21 
estrogen-related receptor beta esrrb/nr3b2 XP_001333980 736 2.24E-19 
retinoic acid receptor alpha-b rarab/nr1b1-b-B NP_571474 575 4.29E-19 
RAR-related orphan receptor c b rorcb/nr1f3-b XP_690743 853 4.01E-18 
coup transcription factor 2 nr2f2/couptfbeta NP_571258 406 4.14E-17 
 
FIGURE 1 
 
 
 
 
FIGURE 2 
 
 
 
 
 
 
 
blastx 
refseq protein 
D. rerio 
 
blastx 
Swissprot 
tblastx 
NCBI fish nt+EST 
tblastx 
NCBI fish nt+EST+ 
2024 annot. 
contigs 
 
keep 
keep 
keep 
keep 
Iterative BLAST 
 
Blast2GO 
22633 
2024 
42734 
44758 
67391contigs (>=100bp) 
Good 
BLAST hits 
with name 
 
Good 
BLAST hits 
to non-
annotated 
ESTs 
 
22140 
20320 
S. aurata 
Transcriptome 
Database 
 
GeneOntology 
Mapping 
 
Statistics 
Blast  
Description 
Annotator 
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C 
Anatomical structure  
development (5.02) 
Developmental process (12.51) 
Multicellular organismal 
development (4.72) 
Cellular development  
process (2.63) 
Developmental pigmentation (0.11) 
Developmental maturation (0.03) 
Growth (0.78) 
Cellular process (21.90) 
Multi-organism process (0.44) 
 Cellular component 
biogenesis (1.76) 
Pigmentation (0.48) Signaling (4.40) 
Death (0.90) 
Biological regulation (7.48) 
Rhythmic process (0.09) 
Cellular component 
organization (5.99) 
Biological adhesion (0.70) 
Response to 
stimulus (3.68) 
Locomotion (1.42) 
Localization (7.41) 
Cell proliferation (0.46) 
Multicellular organismal 
process (12.28) 
Immune system process (1.27) 
Metabolic process (15.61) 
Reproduction (0.43) 
Binding (45.14) 
Enzyme regulator activity (2.38) 
Transporter activity (6.06) 
Transcription regulator activity (1.85) 
Structural molecule activity (2.59) 
Molecule transducer activity (6.22) 
Catalytic activity (35.75) 
Enzyme regulator activity (0.13) 
Membrane-enclosed lumen (1.94) 
Extracellular region (1.87) 
Macromolecule complex (10.31) 
Organelle (26.42) 
Cell (59.33) 
